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In one type of cyclopean motion stimulus one eye views a counterphase flickering rating while the 
other eye views the same pattern in spatio-temporal quadrature. Algebraic summation of the two 
image sequences results in a drifting grating. Upon binocular (cyclopean) combination of the two 
patterns a drifting grating is perceived even though neither monocular pattern is moving. While 
this appears to support he position that the motion system is binocular, it has been suggested that 
such demonstrations involve higher level feature tracking rather than early motion system 
activation. The perceived irection of motion could result from the tracking of features after neural 
summation of left and right eye images. However, by adding a static, in-phase, pedestal grating to 
the left and right eye flickering test gratings, the direction information based on feature tracking is 
removed while leaving the motion energy information unchanged. We have found that when such 
stimuli are presented for several seconds, direction discrimination performance is significantly 
better than chance for pedestal grating contrasts several times the test grating contrast. Therefore, 
in the absence of a feature tracking cue, the direction of motion is identified using a binocular 
motion energy mechanism. The results do not exclude the existence of a binocular feature tracking 
system. Both systems are likely to exist. © 1997 Elsevier Science Ltd. 
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INTRODUCTION 
In a series of classical papers, Oliver Braddick proposed 
that apparent motion is subserved by two processes, a 
short range or early motion system and a long range high 
level system (Braddick, 1973, 1974; Braddick & Adlard, 
1978). The distinction between the two systems was 
primarily based on parameters which delimit he percep- 
tion of object motion in random dot kinematogram 
displays. Characterizations of the two systems associate 
the short range system with a low level monocular 
process (Marr, 1982; Anstis, 1980; Petersik, 1989; 
Braddick, 1980). The monocular designation was based 
on the absence of interocular transfer of the motion 
aftereffect using stimuli that activate the short range 
system and the absence of figure-ground segregation i
dichoptically presented short range motion random dot 
displays (Braddick, 1974, 1980). However, the early 
failure to demonstrate binocular integration in early 
motion, in our opinion, reflects the use of inappropriate 
visual stimuli rather than revealing a fundamental 
property of the early motion system. 
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In 1986, Shadlen and Carney described a dichoptic 
motion stimulus which elicits the perception of contin- 
uous motion, even though neither eye's image is moving. 
The left and right eyes' patterns are counterphase 
flickering sinusoidal gratings, shifted by 90 deg phase 
in space and time between the two eyes. Algebraic 
summation of the two patterns is a drifting sinusoidal 
grating. These stimuli were designed to stimulate a 
binocular version (Shadlen & Carney, 1986a) of 
mechanisms being proposed in computational models 
of early motion sensors (Adelson & Bergen, 1985; 
Watson & Ahumada, 1985; van Santen & Sperling, 
1985). The computational models are plausible from a 
physiological (Pollen & Ronner, 1981; Reid et al., 1987) 
and psychophysical points of view (Anderson & Burr, 
1989; Fahle & Poggio, 1981; Mather, 1984; Nakayama &
Silverman, 1984). The characteristics of cyclopean 
motion perception using visual stimuli n spatio-temporal 
quadrature are consistent with activation of an early 
motion system which is capable of binocular integration 
(Carney et al., 1987; Carney & Shadlen, 1993, 1992). 
It has been argued that the examples of cyclopean 
motion perception do not necessarily imply a binocular 
early motion system (Georgeson & Shackleton, 1989, 
1992). There is the possibility that after binocular 
summation a feature tracking mechanism could be used 
to determine direction of motion. A recent study by Lu & 
Sperling (1995) offers additional evidence against he 
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idea that the early motion system integrates motion 
information between the two eyes. They generated 
stimuli to be presented dichoptically, where upon 
binocular summation a feature tracking mechanism could 
not be used to determine the direction of motion. The 
patterns are best described in terms of the test-pedestal 
paradigm. The test pattern is a pair of flickering sinewave 
gratings in spatio-temporal quadrature, the sum of which 
is a drifting grating. When test patterns are presented 
dichoptically, in the absence of a pedestal grating, the 
perceived irection of motion could be based on tracking 
a feature over time, such as a luminance peak or trough, 
after binocular summation of the two eyes' images. 
However, when a static pedestal grating of the same 
spatial frequency is added to each of the monocular 
images, after binocular summation the tracking of 
features no longer provides a consistent direction of 
motion cue. In the presence of pedestal gratings, Lu & 
Sperling (1995) found that subjects were generally 
unable to determine the direction of test grating motion 
and concluded that performance on cyclopean motion 
displays was based on a binocular feature tracking 
system. Since the motion energy information was 
unchanged when the pedestal grating is added in the 
two displays, they also concluded that the early motion 
system is monocular. 
Just as it was earlier conjectured that the early random 
dot kinematogram displays were less than ideal stimuli to 
activate the early motion system dichoptically, the failure 
to achieve correct motion direction identification i  test 
plus pedestal displays could reflect inappropriate stimu- 
lus conditions, rather than revealing a fundamental 
characteristic of the early motion system. After a simple 
modification of the test plus pedestal stimulus we find 
that subjects can indeed correctly identify motion 
direction in the presence of a pedestal grating which 
removes feature cues. Therefore, early motion energy 
sensors are capable of binocular integration, a property 
consistent with physiological properties of cells in 
primary visual cortex. 
METHODS 
Subjects 
The author and two paid volunteer observers partici- 
pated in the study. All observers had normal or corrected 
to normal visual acuity. 
Apparatus 
Cyclopean motion can be achieved for a variety of 
stimulus patterns, including 2D noise, when the two eyes' 
views are in spatio-temporal quadrature phase. In this 
study the patterns were horizontally oriented gratings 
with sinusoidal uminance profiles. Stimuli were pre- 
sented dichoptically on two Tektronix 608 display 
oscilloscopes with P31 phosphor. A Neuroscientific 
VENUS pattern generator provided a raster frame rate 
of 245 Hz. Displays were viewed in a mirror stereoscope 
and positioned 2m from the observer. The mean 
luminance of both displays was 127 cd/m 2 and the room 
lighting was very low. Luminance calibration was 
regularly performed using a United Detector Technology 
photometer. The square display raster subtended 2.6 deg 
of arc. 
To aid in vertical fusion of the two displays a static 
10% contrast horizontal 2 c/d squarewave grating was 
present on the right half (1.3 deg) of each display. This 
squarewave pattern had the same spatial phase between 
the two eyes and was unchanged throughout he 
experiment. The horizontal test and pedestal gratings 
described below were only presented on the left half of 
each display. 
Test-pedestal stimuli 
To determine if demonstrations of cyclopean motion 
reflect feature tracking rather than motion energy 
extraction, Lu and Sperling added pedestal gratings to 
eliminate the feature cues from the binocular image. In 
this study we employed similar stimuli: the duration of 
stimulus presentation a d the temporal sampling rate was 
increased. The test patterns were counterphase modulated 
sinewave gratings in spatio-temporal quadrature between 
the two eyes. The left and right eye test pattern luminance 
profiles (Ltesqeft and Ltestright) are the product of spatial 
and temporal sinusoidal modulations: 
Ltestleft(y, t) = Lmean[1 + m cos(fly) cos(wt)], (1) 
and 
Ltestright(Y, t) = Lmean [1 3- m sin(fy) sin(o3t)], (2) 
where f is spatial frequency (rad/deg), co is temporal 
frequency (rad/sec), Lmean is mean luminance, t is time, y 
is location in space and m is depth of modulation. The 
sum of the left and right eye luminance profiles is a 
drifting grating: 
LteStleft(y, t) 3- Ltestright(Y, t) = 
(3) 
Lmean[2 + m cos(fx - oJt)]. 
Eq. (1) and Eq. (2) describe the cyclopean motion test 
stimulus. It is evident from Eq. (3) and Fig. 1 that 
trackable features are present in the cyclopean or 
summed image. By adding a static pedestal grating to 
each eye's image, the motion of features in the cyclopean 
image no longer provide cues as to the overall direction 
of motion. When a static pedestal gating of the same 
spatial frequency is added to each eye the luminance 
profiles are given by: 
Lped + teStleft (y, t) = 
(4) 
Lmean[1 + m cos(fy) cos(~t) + n cos((y)], 
and 
Lped 3- teStright (y, t) = 
(5) 
Lmean[1 3- m sin(/y) sin(oJt) 3- n sin(/y)], 
where n is the depth of modulation or contrast of the 
pedestal. Summation of the left and right eye patterns is 
given by: 
A. 
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FIGURE 1. Luminance profiles of the monocular test and test+pedestal images (rotated 90 deg) and their sum (cyclopean). Each 
plot is a 3D surface plot depicting 1D luminance profiles over space (abscissa) and time (ordinate) with the z-axis depicting 
intensity, indicated by the bright and dark shading. Viewing angle is from 0 deg azimuth and 60 deg vertical elevation. Azimuth 
revolves about he z-axis and elevation corresponds tomoving above the object. The abscissa covers two spatial cycles, while 
the ordinate covers two temporal cycles of the test grating. The left and right eye test images are shifted by 90 deg in space and 
time. (A) The pedestal contrast in the left and right eye profiles in the first row is zero. The monocular luminance of any point in 
space just flickers sinusoidally over time. The egg carton appearance of the left and right eye luminance profiles over time attest 
to the lack of a consistent direction of motion cue in the monocular images. Monocular tracking of features uch as peaks over 
time provides ambiguous motion direction cues. However, in the summed or cyclopean luminance profile, the features provide 
an unambiguous direction of motion cue. Correct identification of motion direction could be provided by motion energy 
mechanisms that integrate information binocularly or by a higher level feature tracking mechanism that operates on the sum of 
the left and right eye images. (B) To each eye's test luminance profile from (A) is added an in-phase static pedestal luminance 
profile of the same spatial frequency. The pedestal contrast in the left and right eye profiles is 8-times the test contrast. The shift 
in peak location between the two eye luminance profiles indicates the spatial quadrature lationship. The luminance of any 
monocular point in space now remains bright or dark over time with small fluctuations. Once again the features in the monocular 
profiles do not provide cues as to the direction of test motion; the monocular images appear to fluctuate in contrast but are 
otherwise motionless. Now when the left and right eye luminance profiles are summed the motion of features, be they peaks, 
valleys or zero crossings, does not provide a cue as to the direction of test motion based on their location over time. 
Lped + teSheft (y, t) + Lped + teStright (y, t) = 
Lmea, [2 + m cos(fx - wt) + v/2n cos(fx + 1r/4)]. 
(6) 
In Eq. (6) the static and dri ft ing grat ing components  are 
readi ly apparent but the fact that feature tracking no 
longer provides a cue as to the direct ion of test mot ion is 
not intuit ive. F igure 1 is a 3D surface plot depict ing the 
1D luminance  profi les over space and t ime of  the left and 
right eye images and their sum (all profi les are rotated by 
90 deg for clarity, actual grat ings were horizontal) .  The 
abscissa and ordinate in the figures are space and time, 
respectively. The z axis depicts profi le luminance us ing 
gray scale. The first t ime slice is a straight l ine in the left 
eye indicat ing a b lank  mean luminance  field, and a peak 
contrast s inusoidal  grat ing in the right eye image 
reflecting the 90 deg temporal  di f ference between the 
two eyes. The shift in peak locations between the two eye 
luminance  profi les indicates the spatial quadrature 
relat ionship. F igure I (A )  depicts a st imulus condit ion 
with zero pedestal  grat ing contrast (n -- 0), the test grating 
2364 T. CARNEY 
0.9 
~ '0 .8  
e 
0 
0>,0.7 
m 
~,o .6  
m Q. 
~0.5  r- 
_o 
,~-- 0.4 
O ~ 0.3 
m 
o 
a.  0.2 
0.1 
Feature Location Over Time 
8X Pedestal 
, , . . . .  , , 
0.1 02  0.3 0.4 0.5 06  0.7 0.8 0.9 
Time (temporal cycles) 
FIGURE 2. Careful inspection ofFig. I(B) reveals ubtle changes in
peak location over time in the cyclopean image. The location of a peak 
in the "cyclopean" luminance profile is plotted over one temporal cycle 
of the stimulus. In the absence ofa pedestal the peak changes position 
linearly over one spatial cycle. When a pedestal is added, in this case 
one that is 4- or 8-times the test contrast, he peak location wavers 
slightly around a fixed location, returning to its starting point every 
temporal cycle. The lower the pedestal contrast, he larger the 
fluctuation i peak location. 
is presented alone. In the summed or cyclopean 
luminance profile [Fig. I(A), right], tracking the 
luminance peaks, troughs or zero crossing provides an 
unambiguous cue as to motion direction. Figure I(B) 
depicts the luminance profiles for conditions where a 
static pedestal grating, with contrast 8-times that of the 
test grating (n = 8 m), is added in-phase with the test in 
each eye. Now we see that in the presence of pedestal 
gratings, the trackable features in the cyclopean lumi- 
nance profiles [Fig. I(B), right] do not provide direction 
of motion information. Upon summation of the left and 
right eye patterns, the features (peaks) in the image waver 
back and forth over time around a fixed location in the 
image [a very subtle shift in Fig. I(B) cyclopean]. The 
magnitude of the wavering motion depends on the 
relative contrasts of the test and pedestal gratings. Figure 
2 depicts the peak motion over one temporal cycle for 
conditions where the pedestal grating is 0, 4 or 8-times 
the contrast of the test grating. In the zero contrast 
pedestal condition the peaks traverse one spatial cycle in 
one temporal cycle. When a pedestal is added, the peak 
position moves slightly back and forth, each temporal 
cycle, with no net change in location. As the ratio of 
pedestal to test contrast increases the motion of the 
features decreases. 
To determine the generality of the results, gratings of 1 
and 3 c/d and 4 and 8 Hz were used. The left and right eye 
test gratings were always at 5% contrast. The pedestal 
gratings ranged from 0 to 40% contrast. For each spatial 
and temporal frequency combination, direction discrimi- 
nation performance was determined for a range of 
pedestal strengths. On each trial the motion direction of 
the summed test pattern was randomly selected, up or 
down. Changing the direction of motion is achieved by 
adding a 180 deg temporal phase shift in one eye's test 
pattern. At the beginning of each trial the initial spatial 
and temporal phase of one eye's pattern was randomly 
chosen. The other eye's pattern was adjusted accordingly. 
The pedestal grating was always in-phase with the test 
grating in each eye. 
Procedures 
Each stimulus presentation lasted 2 sec, after which the 
observer indicated the perceived irection of the pattern 
by button press. Feedback as to the correct direction was 
provided on each trial. A minimum 3-sec inter-trial 
interval was enforced and observers were encouraged to 
take even longer breaks if needed to avoid adaptation. 
Each run consisted of 10 trials at a particular spatio- 
temporal frequency and pedestal contrast (stimulus 
condition). Different stimulus conditions were tested on 
successive runs. After all stimulus conditions were 
presented, the block of runs was repeated in reverse 
order. For each stimulus condition a total of four runs (40 
trials) were performed. 
RESULTS 
Test-pedestal 
Cyclopean motion perception should bc disrupted by 
the presence of a static pedestal grating if performance is 
based on a feature tracking mechanism since the features 
no longer move in a consistent direction. However, an 
energy based binocular motion system should still be able 
to signal direction information in the presence of a static 
pedestal grating. The answer to this question is shown in 
Fig. 3 for the three subjects. Correct direction identifica- 
tion is possible for dichoptically presented stimuli 
consisting of a counterphase t st pattern in quadrature 
phase plus an in-phase static pedestal grating. Percent 
correct identification of motion direction is plotted as a 
function of pedestal strength expressed as a multiple of 
test strength. Dashed and solid lines indicate the 4 and 
8 Hz stimulus conditions, respectively. Assuming bino- 
mial statistics, 62.5% correct or 25 out of 40 trials correct 
is significantly better than chance performance 
(P < 0.05). At zero pedestal contrast performance was 
nearly perfect. All subjects had no trouble determining 
motion direction when pedestal contrasts were twice the 
test contrast. At 4-times the test contrast performance for 
most conditions was still significantly above chance. The 
cyclopean test grating often appeared to flow through the 
static pedestal grating like translucent sheets in the 8 Hz 
and 1 c/d conditions. At 1 c/d and 8 Hz subject TC 
performed at 90% correct when the pedestal was 16- 
times the test contrast (data not plotted). In general, 
performance was better for the low spatial frequency 
conditions. Subject SC performed flawlessly for the 1 c/d 
stimulus over all pedestal strengths tested and at both 
temporal frequencies (the symbols for the two temporal 
frequencies overlap in the figure and are not discernible). 
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FIGURE 3. Results for the three observers are plotted as percent 
correct motion direction identification as a function of pedestal 
contrast. Pedestal contrast isexpressed asthe number of times the test 
contrast (5%). Dashed and solid lines are the 4 and 8 Hz conditions, 
respectively. Filled and open symbols are the 1 and 3 c/d grating 
conditions, respectively. 62.5% correct is significantly above chance 
(P < 0.05). 
One should not attach special significance to the superior 
performance on the 1 c/d conditions. Slight vertical 
interocular fixation errors will have less effect on the 
unidirectional motion information after binocular com- 
bination at low spatial frequencies. Consequently, better 
performance is to be expected at lower spatial frequen- 
cies, based on just interocular alignment stability and 
accuracy. 
Temporal characteristics of cyclopean motion 
Lu and Sperling report hat the motion system based on 
feature tracking has a very low pass temporal frequency 
characteristic. In our experience, cyclopean motion 
perception using sinewave gratings without a pedestal 
is vivid at high temporal frequencies. Direction dis- 
crimination performance as a function of temporal 
frequency was assessed for observer TC and SC using 
1 c/d gratings. We first determined the monocular 
TABLE 1. Percent correct identification f cyclopean motion direction 
at three temporal frequencies 
Subject 8 Hz 16 Hz 32 Hz 
TC 100% 97.5% 100% 
SC 100% 97.5% 97.5% 
contrast detection thresholds for the counterphase 
patterns at 8, 16, and 32 Hz for each eye to control for 
visibility of the patterns. The method of constant stimulus 
with four stimulus levels was used to determine the 
monocular detection thresholds. Thresholds were based 
on two or three runs of 100 trials each at each temporal 
frequency. When stimuli were being presented to one eye 
the other eye viewed a blank screen of the same mean 
luminance as the pattern being tested. Once the mono- 
cular detection thresholds were determined, the cyclo- 
pean direction discrimination experiment began with the 
stimulus contrast for each eye set to 5-times the 
observer's monocular flicker detection threshold at each 
temporal frequency. Four blocks of 10 trials/temporal 
frequency were performed. The results shown in Table 1 
demonstrate hat cyclopean motion direction discrimina- 
tion is attained at temporal frequencies as high as 32 Hz. 
DISCUSSION 
While substantial evidence indicates the early motion 
system integrates information between the two eyes, 
some examples of cyclopean motion perception could be 
due to a higher order motion system based on feature 
tracking. This suggestion is particularly pertinent to 
dichoptic motion displays using sinewave gratings in 
spatio-temporal quadrature. Until Lu and Sperling's (Lu 
& Sperling, 1995; Sperling & Lu, 1994) creative 
application of the test-pedestal paradigm, no one had 
been able to separate the relative contributions of feature 
tracking motion mechanisms and motion energy based 
mechanisms in direction discrimination tasks. They have 
shown how adding a static pedestal grating to each eye of 
the same spatial frequency as the flickering test grating 
effectively removes the feature tracking cue in cyclopean 
motion displays. Other investigators have subsequently 
used variants of this test-pedestal stimulus to compare 
motion energy and feature tracking based motion 
mechanisms in non-cyclopean conditions (De Bonet & 
Zaidi, 1995a,b). Using a cyclopean version of the test- 
pedestal display, Lu & Sperling initially found that the 
direction of motion could not be discerned in the presence 
of a static pedestal grating twice the contrast of the 
flickering test grating. Here we have shown that direction 
discrimination is possible for pedestal gratings several 
times the contrast of the flickering test grating when the 
stimulus is extended in time and respects the temporal 
quadrature relation between the two eye's patterns. After 
modifying their methods to more closely match those of 
this paper, Lu & Sperling (1995) (see endnote) found 
observers could weakly perceive interocular pedestalled 
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contrast luminance modulated motion. The early motion 
or motion energy system is indeed capable of binocular 
integration. This does not preclude higher order feature 
based motion systems, nor does it preclude motion 
energy mechanisms which are monocular. The site of 
binocular integration and motion energy extraction in 
humans is probably in visual cortex area V1. This is 
consistent with physiological studies on the site of 
binocular integration and direction of motion selectivity 
(Hubel & Wiesel, 1962, 1968; Schiller et al., 1976). 
Comparison with previous tudies 
Lu and Sperling found at best only weak binocular 
integration i  one observer, yet we find robust binocular 
integration so the question arises as to the stimulus 
variables that led to this apparent discrepancy. The 
spatial and temporal frequencies they used were 1.3 c/d 
and 3 Hz, well within the range of values for which we 
have obtained correct motion direction identification. 
Stable interocular eye alignment is important in these 
dichoptic stimulus conditions, here again they appear to 
have used adequate fusion targets. In the Lu and Sperling 
study each trial lasted only five frames, with frames 
alternating between eyes (L R L R L or R L R L R). On 
each frame the test pattern advanced 1/4 of a temporal 
cycle from the previous frame, so each trial lasted just 
one temporal cycle. This brief stimulus sequence is 
probably the most important difference between our 
methods and those of Lu and Sperling, and may account 
for our different results. Green & Blake (1981) were 
unable to obtain correct motion direction judgments 
using sinewave gratings presented ichoptically using a 
two-frame sequence. In a dichoptic random texture 
display called the "moving snapshot" which has uni- 
directional motion energy, Carney & Shadlen (1993) 
found direction identification performance to increase 
with the number of frames up to roughly 10 video frames. 
Georgeson & Shackleton (1989) measured direction 
discrimination using dichoptically presented sinewaves 
as a function of frame sequence length. The grating in 
each successive frame was shifted by 90 deg of temporal 
phase, the same sequence used by Lu and Sperling. At a 
3.1 Hz modulation frequency, Georgeson and Shackleton 
found performance improved with sequence length up to 
8-16 frames for low stimulus contrast. Under monocular 
viewing conditions performance was much better, with 
near perfect direction identification for four-frame 
sequences and often for two-frame sequences as well. 
These results indicate that the main stimulus conditions 
used by Lu and Sperling were less than optimal or 
demonstrating binocular integration. This is borne out by 
the fact that they had to increase stimulus contrast by 
approx, a factor of 10 for dichoptic presentation relative 
to monocular testing to achieve a criterion 75% correct 
direction identification (no pedestal condition). In 
temporally extended ichoptic displays such as those 
used in the present study, contrast threshold for direction 
identification is nearly equal for monocular versus 
dichoptic presentation without a static pedestal (Shadlen 
& Carney, 1986b). While the interocular spatial quad- 
rature relationship is maintained in the five frame 
stimulus sequence, the temporal frequency components 
introduced by the course sampling do not maintain 
interocular quadrature phase; motion energy information 
is no longer unidirectional. 
Even though the stimulus was less than optimal, it 
could be argued that since motion direction identification 
was possible in the absence of a pedestal grating, a 
motion energy mechanism would not see the pedestal 
grating so performance should be unaffected (at low 
stimulus contrasts). This is basically the assumption 
behind the structure of the Lu and Sperling experiments. 
The problem with this strict model of motion processing 
is that it ignores other possible inputs to a central sensory 
integration or decision stage. When a pedestal is added, a 
monocular feature tracking mechanism ight be signal- 
ing no motion, since monocular patterns are now just 
changing contrast. In the absence of a pedestal, mono- 
cular feature tracking might provide confusing or 
contradictory information between the eyes or over space 
within an eye. After all, a flickering grating appears to 
move up and down over time. In the presence of a 
pedestal grating, a feature tracking mechanism which 
operates on the summed left and right eye images would 
be signaling little or no motion, especially when the 
pedestal contrast is large. These conflicting inputs from 
various sources of motion and no-motion information, 
from monocular, binocular, first order, second order and 
higher order mechanisms might easily mask signals from 
binocular motion mechanisms with balanced monocular 
inputs that integrate information between the two eyes. 
How the various sources of motion information are 
combined is unknown but it is not surprising that adding a 
pedestal grating might alter performance. Even when 
viewing a cyclopean motion display without a pedestal, if
the test patterns are of high contrast, the perception of 
motion direction can often be disrupted, presumably due 
to intrusion of signals from monocular mechanisms, be 
they first or higher order motion mechanisms. 
We have found that monocular and cyclopean 
(dichoptic) motion contrast sensitivity can be the same 
under appropriate conditions (Shadlen & Carney, 1986b). 
There are many experimental factors that mediate against 
dichoptic motion performance: the fact that under certain 
conditions cyclopean matches monocular sensitivity 
indicates to us that the binocular component to motion 
processing is significant.* Great care must be taken in 
*In a footnote, Lu and Sperling acknowledge that interocular 
pedestalled motion is possible in some cases with extended 
duration display sequences but find the binocular component 
insignificant in terms of psychophysics. Their position was 
primarily based on the finding that interocular motion sensitivity 
was about 10 times lower than monocular motion sensitivity. Using 
our procedures we find this difference to all but disappear. 
Therefore, we do not concur that motion mechanisms have been 
shown to be primarily monocular. A small amount of interocular 
crosstalk in primarily monocular mechanisms would not account 
for the high contrast sensitivity for cyclopean motion stimuli that 
we have observed (Shadlen & Carney, 1986b). 
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stimulus design to optimize binocular motion system 
activation, while minimizing potential interference from 
mechanisms with contradictory motion signals. The site 
of binocular motion integration is unclear but it is 
interesting that individuals with deficient stereo vision 
are likely to also perform poorly on cyclopean motion 
stimuli (Carney et al., 1992). 
Rapid performance deterioration with pedestal contrast 
With a pedestal grating present, observers are still able 
to perform above chance in a cyclopean direction of 
motion discrimination task. However, performance is 
significantly degraded in the presence of the static 
pedestal. The strong effect of the pedestal on cyclopean 
motion perception may stem from several sources. The 
previous ection identified one possible source based on 
the final decision-making stage. 
Another possible, more peripheral source of perfor- 
mance degradation with high contrast pedestals is the 
binocular fusion mechanism. The static pedestal patterns 
were shifted by 90 deg of spatial phase between the two 
eyes: this is a strong fusion stimulus. Without the 
pedestal present he rapid flickering of the test patterns 
and the presence of other static cues in the visual field 
circumvents a fusion response. However, in the presence 
of a strong pedestal grating, a fusion cue would be 
constantly present and could be having a detrimental 
effect. Any deviation of the spatial quadrature relation- 
ship between the two eyes, be it due to eye movements or 
some form of neural fusion, could dilute the cyclopean 
motion energy information, or even eliminate it com- 
pletely. This effect would be most detrimental at high 
spatial frequencies, where even small eye alignment 
errors would have a large effect on the interocular spatial 
phase relationship. This explanation is consistent with the 
relatively greater effect of the pedestal at the higher 
stimulus spatial frequency. 
The contrast modulation cue 
The test-pedestal stimulus does provide a subtle 
direction of motion cue if feature tracking and contrast 
modulation information are combined. In the presence of 
a pedestal grating, the features waver back and forth and 
the contrast of the pattern modulates at the same temporal 
rate. The phase of contrast modulation with respect to the 
feature motion could be used to identify the direction of 
test grating motion. This relationship is shown in Fig. 4, a 
phasor plot of the sum of the left and right eye images in 
the presence of a pedestal grating. The distance from the 
origin indicates timulus contrast and location indicates 
stimulus patial phase. The dashed circle centered on the 
origin depicts the vector path for one temporal cycle of a 
drifting sinewave grating of constant contrast (no 
pedestal) and direction of motion. The arrow indicates 
the direction of drift (phase change). The solid circle 
confined to the first quadrant is for the same test grating 
but with an in-phase pedestal grating added to each eye's 
image at 4-times the test contrast. The static pedestal 
grating is the vector extending from the origin to the 
~.-" 
..... test 
test+pedestal 
FIGURE 4. This is a phasor diagram of the summed left and right eye 
images over one temporal cycle. The dashed and solid circles are the 
"with" and "without" a pedestal grating conditions, respectively. The 
pedestal, the vector centered in solid circle, is 4-times the test contrast. 
The angle is the spatial phase and the distance from the origin is the 
contrast of the cyclopean grating. The arrow on each circle indicates 
the direction of phase change (motion) over time. 
center of the solid circle. During each temporal cycle the 
stimulus phase now oscillates within a quadrant. More- 
over, the amplitude or contrast also oscillates. At high 
contrast he peak is moving in the direction of the test 
grating and the opposite occurs at low contrast. The 
change in contrast during one temporal cycle, expressed 
as a percent of the pedestal contrast, is given by: 
Ac = 200m/v/2n, (7) 
where m and n are the monocular test and pedestal 
contrasts, respectively. For example, when the pedestal is 
20% contrast, four times the test contrast, the cyclopean 
contrast changes by 35.4% each cycle. While this cue is 
present it seems very unlikely that it can be utilized. The 
feature tracking mechanism would have to be able to 
track the oscillating motion at 8 Hz, and keep track of 
changing contrast with respect o motion direction. The 
feature tracking system is characterized as low pass (Lu 
& Sperling, 1995). However, we have shown that 
direction discrimination using the cyclopean motion 
stimuli without a pedestal can be made at 32 Hz (Table 
1), the highest emporal frequency tested. 
A feature tracking system which exhibits a 50% 
reduction in motion sensitivity by 3 Hz as measured by 
Lu and Sperling does not preclude its ability to track 
features at 32 Hz with high contrast long duration test 
stimuli. Lu and Sperling find that the feature tracking 
system is 10 times less sensitive than the motion energy 
based system. Most of the test stimuli in this paper were 
at 5% contrast, which should be close to the contrast 
sensitivity limit for a feature based motion system with 1/ 
10 the sensitivity of the motion energy based system 
(Kelly, 1979). Based on these considerations, the 8 Hz 
test stimuli used in these studies should be below 
threshold for the putative feature tracking system. 
Feature tracking does not appear to be a realistic 
explanation for the cyclopean perception of motion using 
sinewave grating stimuli. 
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Summary 
Cyclopean motion perception can be achieved through 
dichoptic presentation of flickering sinewave gratings 
with spatio-temporal quadrature phase properties. Use of 
the test-pedestal paradigm provides a convenient method 
of removing feature cues in dichoptic motion stimuli to 
tease apart the roles of feature tracking and motion 
energy based mechanisms. In the absence of a feature 
tracking cue, the cyclopean motion perception persists, 
indicating the existence of an early motion system which 
can integrate motion energy information between the two 
eyes. The conclusion is further supported by the temporal 
frequency and contrast sensitivity characteristics of 
cyclopean motion perception. The existence of an early 
motion system that is binocular does not preclude a 
binocular or monocular feature tracking system: both are 
likely to exist. The relative instability of cyclopean 
motion perception may be related to a central decision 
stage that is faced with conflicting information from 
various kinds of motion processing mechanisms. 
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